A solvent-free printing process for printed electronics was successfully developed using toner-type patterning of organic semiconductor toner particles and subsequent thin-film formation. These processes use the same principle as that used for laser printing. The organic thin-film transistors were prepared by electrically distributing the charged toner onto a Au electrode on a substrate film followed by thermal lamination. The thermal lamination was effective for obtaining an oriented and crystalline thin film. Toner printing is environmentally friendly compared with other printing technologies because it is solvent free, saves materials, and enables easy recycling. In addition, this technology simultaneously enables both wide-area and high-resolution printing.
I. INTRODUCTION
Wearable electronic devices are presently being developed mainly in the sports and healthcare fields. Although such wearable devices are expected to have an effect on future daily lifestyles, they must first become more lightweight and flexible. Methods for printing flexible electronics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] on plastic films are being developed all over the world. In conventional printing methods, special inks including organic semiconductors and solvents are used. It is necessary for the solvents used in these special inks to dissolve the organic semiconductors in sufficient concentrations and to maintain the optimum viscosity for each printing method, such as inkjet and photogravure printing. Because many solvents for printed electronics have disadvantages, such as flammability, toxicity, and carcinogenicity, their use is regulated by international emission regulations [12, 13] . The emission of not only the solvents but also their vapors is difficult to regulate because the emission sources are widely dispersed from small offices to large factories; therefore, atmospheric pollution due to volatile organic compounds (VOCs) is a worldwide issue [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . VOCs in the atmosphere generate photochemical smog through photochemical reactions that occur under ultraviolet light irradiation.
Our research group has developed an alternative printing method for printed electronics without using inks. Although inkjet and other printers designed for printed electronics are already commercially available, solventfree printing is not. We previously developed a solventfree thin-film fabrication process that involves thermal pressing [26] , thermal lamination [27, 28] , and ultrasonic welding [29] . A thermal press was developed to prepare thin films of organic materials by thermally compressing the organic materials with two planar clamps [26] . Next, a thermal lamination method was developed by replacing the thermal planar press with thermal rollers for thin-film formation with a roll-to-roll scheme [27, 28] . Ultrasonic welding is a method used to fabricate organic thin films based on the local and instantaneous heating generated at the interface by the application of ultrasonic vibration [29] . In ultrasonic welding, it is not necessary to raise the temperature of the entire sample; therefore, it is possible to use plastic films whose melting points are lower than that of the organic semiconductor. These thin-film fabrication methods are solvent free, and the organic materials used in these methods are applicable to zone melting for ultrapure organic semiconductors [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . However, these thin-film fabrication processes lack a patterning method for organic semiconductors. Therefore, in this work, we have developed a solvent-free patterning method of the organic thin film using toner-type printing, which is combined with thermal lamination [27, 28] to fabricate a thin-film transistor (TFT). The combination of toner-type patterning and subsequent thermal lamination is the same process as that used in laser printers.
II. EXPERIMENTAL SECTION
Two substrates were prepared using the same procedures described in our previous work [26] [27] [28] [29] . The first substrate was a thin hybrid polyimide film (POMI-RAN N) provided by Arakawa Chemical Industries, Ltd., Japan. The 12-µm-thick hybrid polyimide film consisted of a 900-nm-thick parylene-SR (ǫ r = 3.34) buffer layer and Au contact electrodes. The Au contact electrodes were thermally evaporated using a shadow mask, and the channel length and width were 20 µm and 3.5 mm, respectively. The Au contact electrodes were chemically treated with pentafluorobenzenethiol to reduce the contact resistance [40] [41] [42] [43] [44] . This substrate is called the base film in this work. The second substrate was a thin POMIRAN N film, also 12 µm thick, with a Au gate electrode and 900-nm-thick parylene-SR gate-insulating layer. This substrate is called the cover film in this work. The base and cover films had a symmetric material arrangement to cancel out internal compressive and tensile stresses at the organic layers when bending [45] [46] [47] [48] [49] . A small amount of dioctylbenzothienobenzothiophene (C 8 -BTBT) [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] toner particles were electrically transferred onto the Au electrode on the base film with toner-type patterning. The toner pattern is determined by the two electrodes that attract the toner during printing. The TFT channel is formed by toner that spreads during the lamination that follows. After the toner patterning, the base film was covered with the cover film. The pair of POMIRAN N films, including the organic powder between them, was then inserted into a thermal laminator to fabricate the C 8 -BTBT thin film.
III. PREPARATION OF ORGANIC SEMICONDUCTOR TONER AND PRINCIPLE OF ELECTROSTATIC TRANSFER
Conventional toner used in commercial xerography is a mixture of pigments, plastics, wax, and charge control agents to achieve an appropriate electrical charge. However, chemical impurity is undesirable for the toner used in the printing of organic semiconductor layer because it affects the electronic properties of the organic semiconductor. Therefore, a pure organic semiconductor toner was prepared without additional chemical agents.
Attempts were made to prepare organic toner particles with dioctylbenzothienobenzothiophene (C 8 -BTBT), dinaphthothienothiophene, and 6,13-bis(triisopropylsilylethynyl)pentacene. Here, we focus on the results obtained with the C 8 -BTBT toner. Figure  1 (a) shows that the as-received C 8 -BTBT powder was initially a protean granular powder with particle diameters of 50-200 µm. This powder was confined in a plastic capsule with an appropriate amount of zirconia balls (1-mm diameter) and then milled in a ball-milling machine at 4500 rpm for 5 min. Figure 1 (b) presents a scanning electron microscopy (SEM) image of the ground C 8 -BTBT powder. The particle diameter of the ground C 8 -BTBT powder ranges from less than 5 to 20 µm. Detailed examination of the individual particles confirmed that the large particles included both aggregates of smaller toner particles and large single particles. The large particles are not suitable for toner printing; however, toner particles that are too large will spontaneously be excluded during the subsequent toner-type patterning process. In the next step, the toner particles were frictionally charged by mixing plastic-coated ferrite particles with diameters of approximately 60-100 µm. These ferrite particles are called carrier particles. The role of the carrier particles was to induce and maintain an electrical charge on the toner particles. A set of purchased carrier particles includes two types of carrier particles to prepare negatively charged toner particles (N-01 carrier) and positively charged toner particles (P-02 carrier). Figure 1 (c) presents an optical micrograph of the carrier and C 8 -BTBT toner particle mixture. The spherical particles with diameters of 60-100 µm are the carrier particles, and the C 8 -BTBT toner appears as small particles adhered on the carrier particle. The C 8 -BTBT toner particles have an electrical charge of q toner generated by frictional charging with the carrier particle surface. Thus, the C 8 -BTBT toner particles adhered on the surfaces of the carrier particle by van der Waals (vdW) and image forces because the carrier particles consist of conductors. These adhesion forces between the toner and carrier particles are discussed later. Figure 2 (a) presents a schematic illustration of the electrostatic transfer of the toner particle toward a flexible film substrate. The mixed particles obtained are fixed by a magnet because the carrier particles are composed of ferrite. When an external DC electric field (E) is applied between the magnet and Au electrodes prepared on the flexible film surface, the charged toner particles are attracted by the electrostatic force. Figure 2 (b) presents a schematic illustration of the adhesion force of the toner particle on the carrier particle surface. When a toner particle adhered on a carrier particle surface has an electric charge of q toner , the image force is induced as an attractive Coulomb force between the real charged particle and image charge. The image charge is a virtual charge of −q toner and is assumed to be located at the mirror position of the real charge toward the conductor surface plane. When we define the radius of the toner particle as r, the nominal distance from the charged toner particle to the image charge is 2r. Therefore, the image force is proportional to q 2 toner /(2r)
2 . In contrast, the vdW force originates from the London dispersion force and does not depend on q toner . Therefore, the total adhesion force between the carrier and toner particle is expressed as
where ǫ is the dielectric constant of the atmosphere. To separate the toner particle from the surface of the carrier particle and allow transfer of the toner particle onto the Au electrode, an external electric field is applied between the magnet and Au electrode. The external electrostatic force on the toner particle is q toner E, which pulls the toner particle from the surface of the carrier particle. Therefore, the total force affecting the toner particle is expressed as
Figure 2(c) shows the relationship between the adhesive force and external electrostatic force that affects a toner particle. When the external electrostatic force exceeds the adhesion force, the toner particle is separated from the surface of the carrier particle and transferred along the electric field toward the Au electrode pattern prepared on the flexible film substrate surface. Therefore, an external electric field of E 2 , as shown in Figure 2 (c), can transfer toner particles over a wide range of charge
FIG. 2. (a)
Schematic illustration of the electrostatic transfer of a toner particle from the surface of a carrier particle to the substrate. (b) Magnified view of a toner particle adhered on the surface of a carrier particle. The adhesion force of the toner particle on the carrier particle and the external electrostatic force needed to separate the organic toner from the carrier particle surface are indicated. (c) Relationship between the adhesion force and external electrostatic force that affects a charged toner particle. between q 1 and q 2 . In contrast, with an insufficient electric field (e.g., E 1 in Figure 2 (c)), no toner particle is separated from the carrier particle surface. Therefore, there is a threshold electric field for electrostatic toner transfer. In addition, weakly charged toner particles cannot be transferred because of the lack of external force, and very highly charged toner particles also cannot be transferred because of the excess adhesive image force, even under a high electric field. After the separation of toner particles, the carrier particles remain on the magnet because they are strongly attracted by the magnetic force. In addition,there is no residual charge in the toner particle after the electrostatic transfer onto the Au electrode surface because the frictional charge in the toner particle promptly run from the toner particle to ground through the Au electrode. Figure 3 shows the results of electrostatic toner transfer onto the POMIRAN N film substrates. These optical micrographs show the region around the edge of the Au electrode evaporated onto the POMIRAN N film surface. The lower half of each micrograph shows the surface of the thin Au electrode prepared on the film surface, and the upper half shows the surface of the substrate film. When N-01 carrier particles that negatively charge the toner particles were used, the C 8 -BTBT toner particles were expected to be negatively charged. Therefore, when a positive voltage was applied to the Au electrodes and the magnet was electrically grounded, the C 8 -BTBT toner particles were transferred from the surface of the   FIG. 4 . Wide-range optical micrograph of (a) electrostatic toner transfer using dioctylbenzothienobenzothiophene (C8-BTBT) toner, whereby C8-BTBT toner particles are distributed around the Au electrodes, and (b) organic thin-film transistor after thermal lamination.
IV. ELECTROSTATIC TONER PATTERNING AND DEVICE CHARACTERISTICS
carrier particles toward the surface of the Au electrodes. In contrast, when a positive voltage was applied to the magnet and the Au electrodes were grounded, no C 8 -BTBT toner particles were expected to be transferred. Figure 3 (a) and (b) present the corresponding results. Many toner particles were transferred onto the Au electrode surface, as observed in Figure 3(a) , whereas almost no toner particles are observed in Figure 3(b) . However, when P-02 carrier particles that make the toner particles positively charged were used, no C 8 -BTBT toner particles were transferred with the application of a positive voltage to the Au electrode (Figure 3(c) ). If the electric field was inverted, then C 8 -BTBT toner particles were transferred onto the Au electrode, as observed in Figure 3(d) . Therefore, we can conclude that the C 8 -BTBT toner can be selectively charged to be negative or positive by selecting the carrier particle type, which is very advantageous for the development of a toner-printing system. Figure 4 (a) shows the result of the electrostatic transfer of the C 8 -BTBT toner. Figure 4(a) is an optical micrograph of the POMIRAN N substrate (base film) surface directly after the electrostatic transfer of the organic semiconductor toner. The corresponding Au electrode pattern prepared on the substrate surface is observed. C 8 -BTBT toner particles are also observed near the Au electrodes. The organic semiconductor toner was selectively scattered around the Au electrodes. After the patterning, the cover film was placed on the base film, which was then inserted into a thermal laminator [27, 28] . The C 8 -BTBT toner particles were melted and spread by the heat and pressure applied in the thermal laminator to form a thin film of C 8 -BTBT. Figure 4 (b) presents an optical micrograph of the C 8 -BTBT TFT fabricated by toner-type patterning and subsequent thermal lamination, which is the same process performed in laser printers and Xerox machines. Laser printers and Xerox machines make patterns of toner particles on paper and then thermally fix the powder pattern to complete the printed document. We have clearly demonstrated that toner-type printing can be used to prepare flexible printed electronics without the need for solvents, which means that the printed electronics can be directly and digitally printed by laser printers.
In addition, several voids were sometimes observed in the thin film because of micrometer-sized dust particles in the atmosphere. The plastic film substrate easily attracts residual dust particles in the atmosphere, even in a clean booth. A particle in each void can be seen in Figure 4(b) and the magnified micrograph (see Figure S1 (a) in the Supplemental Material [66] ). If dust particles are present between the base and cover film, voids are formed in the C 8 -BTBT thin film because the dust particles do not melt but instead raise the cover film up to the height of the dust particle diameter (several micrometers), creating an empty space between the base and cover film (see Figure S1 (b) in the Supplemental Material [66] ). In this situation, it is impossible for the C 8 -BTBT melt to fill the space created by the dust particle. Although this particle inclusion problem is common in printed electronics, it can be solved with various technical approaches. Figure 5 presents the transfer characteristics of a C 8 -BTBT TFT fabricated by toner printing. p-type fieldeffect transistor characteristics were observed, and the typical field-effect hole mobility, threshold voltage, and subthreshold swing were 0.33 cm 2 /Vs, 1.5 V, and <250 mV/dec, respectively. These electronic properties are by no means inferior to OTFTs fabricated by conventional printing methods on plastic film substrates. In addition, the performance with aging was examined in ambient air and under repetitive bending up to 10,000 times (see Figure S2 in the Supplemental Material [67] ). The OTFT kept initial electrical characteristics throughout the aging condition. Thermal lamination was demonstrated to be effective for obtaining an oriented and crystalline C 8 -BTBT thin film between the base and cover film without any post-deposition treatment [27, 28] . This TFT was very thin, and X-ray diffraction analysis revealed that the film was crystalline and that the c-axis was oriented normal to the substrate surface. In addition, lateral oriented growth effect due to the flow direction of the organic melt was observed in this method [27] . The advantage here is that organic flexible devices are fabricated using an environmentally friendly printing method.
V. CONCLUSION
We have successfully developed a solvent-free printing process of organic semiconductor layer for printed electronics using a combination of toner-type patterning of organic toner particles and thermal thin-film formation. These processes involve the same principles as those used in laser printing. Toner printing is superior to other printing methods because it is solvent free, saves materials, and allows easy recycling, thereby reducing its environmental impact. In addition, both wide-area and high-resolution printing are simultaneously possible using toner-type printing. Printed integrated circuits such as complementary metal-oxide-semiconductor (CMOS) logic could also be printed using toner printing with multiple toner cartridges containing p-type and ntype semiconductors, insulating polymers, and conductive toners, similar to the principles used in color laser printers. Toner printing is also a direct and digital print-ing process, similar to that used in 3D printers. 3D printers have enabled the innovation of prototyping; therefore, we expect that laser printers will be used to print organic flexible electronics in the future.
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